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Postreperfusion regional myocardial dysfunction may be
associated with depletion of high energy phosphate com-
pounds during ischemia and with their relatively slow
repletion during reperfusion. However, few studies have
correlated relatively rapid changes in regional myo-
cardial function (sonomicrometers) and blood flow (mi-
crospheres) with high energy phosphate concentrations
measured using phosphorus-31 nuclear magnetic reso-
nance spectroscopy in intact large animal models of re-
gional myocardial ischemia. The left anterior descending
coronary artery of mongrel dogs was abruptly occluded
for 17.1 ± 1.9 minutes and then completely released;
measurements were made for an additional 22 minutes.
Transmural blood flow decreased from 1.07 ± 0.25 to
0.25 ± 0.10 ml/(min x g) and holosystolic expansion
was observed in all dogs (segmental systolic shortening
decreased from 9.3 ± 3.7 to - 6.3 ± 6.0%). Phospho-
creatine (PCr) measured during 4.4 minute sampling
intervals decreased to steady state within the first sam-
pling period after occlusion and was 45.9 ± 17.0% of
control at the end of the occlusion, whereas beta-aden-
osine triphosphate (beta-ATP) reached its lowest level
early after reperfusion (72.7 ± 13.3% of control). The
ratio of PCr to inorganic phosphate (Pi) decreased dur-
Postreperfusion regional myocardial contractile dysfunction
is commonly observed experimentally (1-5) and has im-
portant clinical implications for the assessment of interven-
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ing the occlusion (3.34 ± 0.75 versus 1.01 ± 0.61) but
returned to control level early during reperfusion. The
ratio of PCr to beta-ATP also decreased during coronary
occlusion (2.16 ± 0.39 versus 1.29 ± 0.39) but did not
return to control level during reperfusion.
Significant correlations were observed between the
intensity of ischemia (reduced blood flow) and reductions
in regional contractile function, PCr, beta-ATP, myo-
cardial pH and the increase in Pi during the coronary
occlusion. Also during ischemia, there were significant
correlations between regional contractile function and
both myocardial pH and Pi. PCr returned to control
level rapidly after reperfusion (95.9 ± 13.2% of control
in less than 5 minutes of reperfusion) whereas beta-ATP
recovered only partially after 22 minutes (80.0 ± 17.5%
of control). The correlation between the fraction of con-
trol beta-ATP and the fraction of control regional func-
tion at this time was r =0.84 (p =0.017).
These results demonstrate metabolic correlates to re-
gional myocardial ischemia in an intact dog model using
phosphorus-31 spectroscopy. Additionally during reper-
fusion, beta-ATP, but not PCr, could be associated with
the recovery of regional segmental contractile function.
(J Am Coli CardioI1987;10:673-81)
tions designed to reperfuse ischemic myocardium (6). The
depletion of high energy phosphate compounds (including
adenosine triphosphate [ATP] and phosphocreatine [PCr])
during myocardial ischemia together with the relatively slow
resynthesis of the lost nucleotide pool during reperfusion
has been suggested to be a primary factor in causing post-
reperfusion dysfunction (6-8). Most studies on myocardial
stores of high energy phosphate compounds in intact ani-
mals have been performed by obtaining biopsy tissue sam-
ples from the region of interest, an approach that has obvious
disadvantages for the stability of the animal preparation and
for rapid sequential correlations with regional myocardial
blood flow and function.
The use of in vivo nuclear magnetic resonance (NMR)
spectroscopy for determining myocardial high energy phos-
phate stores overcomes these disadvantages. Combining re-
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gional phosphorus-31 NMR spectroscopy for assessing high
energy phosphate stores , measurements of regional myo-
cardial function using sonomicrometry and blood flow with
radiolabeled microspheres should provide a powerful new
approach for evaluating the time course of associated met-
abolic events during regional myocardial ischemia and re-
perfusion. We report the development of such a model and
the results of studies in which a brief occlusion of the left
anterior descending coronary artery was followed by ap-
proximately 20 minutes of reperfusion.
Methods
Animal model. Animals used in this study were handled
in keeping with the guidelines of the American Physiological
Society, and the experimental protocol was approved by the
Animal Subjects Committee of the University of California,
San Diego.
Mongrel dogs (weighing 13.2 ± 2.3 kg) were studied
under sodium pentobarbital anesthesia (26 mg/kg body weight
intravenously) and were ventilated through a tracheostomy
using a Harvard pump. Blood gases were measured fre-
quently (Radiometer BMS 3 MK 2, Copenhagen) and res-
piratory adjustments, including supplemental oxygen, were
made if necessary. The femoral arteries were cannulated to
allow arterial pressure measurement (Statham Db23) and
blood withdrawal during microsphere injections . The fem-
oral veins were cannulated for saline infusion and drug
administration . Through a midline sternotomy, the pericar-
dium was opened anteriorly, and a silicone rubber catheter
was placed within the left atrium for the injection of mi-
crospheres. The left anterior descending coronary artery was
dissected free at a point approximately halfway from the
left ventricular base to the apex and a pneumatic occluder
was placed around the artery .
A circular, two-tum radiofrequency surface coil (2.5 ern
diameter) was sutured directly to the epicardium of the apical
anterior wall where it lay within the perfusion bed of the
distal left anterior descending coronary artery . A pair of
ultrasonic crystals (5 MHz, 2 mm diameter) was placed in
the midwall of the anterior wall within the region circum-
scribed by the surface coil. The crystals were oriented per-
pendicularly to the long axis of the left ventricle, parallel
to the primary fiber angle of the local myocardium (9,10) .
The heart was suspended in a pericardial cradle to isolate
it from the lungs and before the chest was closed a thick
sponge pad was placed over the surface coil to isolate it
from the sternum and associated tissue . The dog was then
moved into the bore of the magnet (23 .5 cm diameter) and
positioned so that the surface coil was centrally located
within the magnet.
Phosphorus-Jj spectroscopy. Phosphorus-31 (31P)
spectra were acquired using a General Electric 2.0 tesla
nuclear magnetic resonance spectrometer/imager. The spec-
trometer was interfaced with the implanted surface coil and
was tuned to the 34.5 MHz 31P resonant frequency using
a variable length transmission line matching scheme de-
scribed previously (11). The magnetic field homogeneity in
the region of the surface coil was optimized by shimming
on the proton signal. Because the coil was not tuned at the
proton resonance frequency, a relatively long (150 JLs) pulse
was used to obtain sufficient signal from tissue extending a
reasonable distance from the coil. Magnetic field homo-
geneity for these experiments as measured by the proton
line width ranged from 0.3 to 0.9 ppm with a mean of 0 .5
ppm. Homogeneity, as determined by the phosphocreatine
(PCr) line width, remained constant throughout each study
and was not affected by the occlusion or reperfusion; the
observed variance in line widths was consistent with signal
to noise (see later).
Ungated phosphorus spectra were obtained using a single
90° pulse having a pulse width of 45 JLs and an interpulse
delay of 2.2 seconds. The relatively short spacing between
pulses was used to obtain an adequate signal to noise ratio
in a reasonably short period of time (12) . The partial satu-
ration factors for the various resonances were estimated by
comparing these spectra with others obtained with an 8.2
second delay between pulses . Partial saturation factors were
approximately 0.6,0 .8 and 0.8 for the PCr , inorganic phos-
phate (Pi) and beta-adenosine triphosphate (beta-ATP) res-
onances, respectively. These corrections were not applied
to the data presented here because absolute intensities were
not required. In vitro studies were done with the surface
coil before implantation using a 1 cm thick gelatin phantom
containing ATP and PCr to determine pulse length for ob-
taining optimal volume selection.
Initially, baseline spectra consisting of512 acquisitions
were obtained for each dog to establish zero chemical shift
and to determine normal myocardial pH. All subsequent
spectra consisted of 120 acquisitions to limit the total ac-
quisition time to 4.4 minutes . Spectra were filtered using
20 Hz Lorentzian line broadening to improve the signal to
noise ratio. The mean signal to noise ratio for the PCr peak
acquired immediately before coronary occlusion was ap-
proximately 15:I for the 120 acquisition spectra.
The peak intensity of each identified resonance was de-
termined using General Electric software supplied with the
spectrometer. Potential error in measuring the intensities
was estimated from the reproducibility of a series of baseline
spectra obtained from one of the dogs. The overlap in Pi,
phosphodiester, PCr and gamma-ATP resonances was ac-
counted for by using a deconvolution program (CSICAP).
The correction was approximately 5% in the intensity of the
per peak in the preocclusion spectra. Peak intensities were
used to obtain relative concentrations of PCr, ATP and Pi
because, consistent with signal to noise and spectral overlap ,
the intensities were found to have better reproducibility than
did the resonance areas.
The PCr peak was used as a chemical shift reference
because it is insensitive to changes in pH (/3). The pH of
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Results
Hemodynamics and regional myocardial contractile
function. Seven of the eight dogs were studied throughout
the entire protocol; in one dog ventricular fibrillation oc-
curred on reperfusion. Blood flow data are available for
seven of the dogs. Neither the heartrate (144 ± 33 beats/min)
nor femoral artery blood pressure (142 :±: 30 mm Hg sys-
quisition of NMR spectra was resumed. Measurements of
regional myocardial function and 31P spectra were then
obtained in an alternating fashion for approximately 22 min-
utes of reperfusion. Measurements of regional myocardial
blood flow were made using radiolabeled microspheres (15
fLm diameter, New England Nuclear) during control con-
ditions, during the last 2 to 3 minutes of coronary occlusion
(during the third 31P spectrum obtained during ischemia)
and after 5 and 30 minutes of reperfusion.
Calculation of regional myocardial blood flow. Dogs
wereeuthanized with an overdose of pentobarbital, the heart
was removed and the perfusion bed of the left anterior de-
scending coronary artery distal to the pneumatic occluder
was identified using an infusion of methylene blue dye at
100mm Hg into the left anterior descending coronary artery
at the point of occlusion. The weight of the dyed myocar-
dium and that of the entire left ventricle were measured; the
ischemic region in these dogs was 29 ± 5% of the left
ventricular weight (range 24 to 40%). Transmural sections
of the left ventricular wall were made at the site of the
surface coil and dimension gauge, as well as at distant
nonischemic areas of the lateraland posterior left ventricular
walls. Each was divided into transmural thirds, weighed and
placed in glasscounting vialsfor the determination of gamma-
radiation for the calculation of blood flow (presented as
ml/rnin per g wet weight) (5).
Data analysis. Regional myocardial segmental function
was determined using sonomicrometertracings made at 125
mm/s recorded together with arterial pressure on a Brush
forced ink recorder; at least eight sequential beats were
digitized and averaged. Regional systolic shortening is ex-
pressed as a percent of the end-diastolic length (%S), as
described previously (14). Using 31 P spectra, relative con-
centrations of PCr, Pi and beta-ATP were calculated and
myocardial pH was calculated as described previously. The
peak intensity of PCr during control conditions from the
deconvoluted spectra was defined as 100%.
Changes during coronary occlusion and reperfusion were
assessed using an analysisof variance for repeated measures
with a t test to compare individual cells when a significant
difference was detected (15). Correlations between mea-
sured variables were assessed using linear regression anal-
ysis. Differences in mean values having a probability (p)
value <0.05 were considered significant. Mean values are
presented with their standard deviations.CONTROL 1
'1""1' "I'"
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Figure I. Original phosphorus-31 spectra acquired I hour apart
in a sham-operated dog. The difference between the two spectra
indicates that there were no changes over this period of time in
this experimental model. Spectra consisted of512 acquisitions with
a 2.2 second interpulse delay.
the tissue was determined from the position of the Pi res-
onance using a phenomenologic equation relating pH to the
Pi chemical shift (13) and the pH was determinedonly when
the Pi resonance could be clearly resolved from the sur-
rounding peaks. The pH determined from Pi may be shifted
slightly due to overlap with unresolved 2J-diphosphogly-
cerate signal, particularly in the control and recovery phase
spectra in which Pi is at a low concentration.
Three dogs served as sham-operated, time-matched con-
trols and were studied sequentially for I hour without coro-
nary artery occlusion. No changes in any measured variable
were observed over this time period (Fig. I).
Experimental protocol. Measurements of regional
myocardial function using the sonomicrometer and 31 P spectra
were made alternately because the sonomicrometer intro-
duced unacceptable levels of radiofrequency noise. How-
ever, the piezoelectric crystals and attached wires did not
affect our ability to obtain 31P spectra when they were
disconnectedfrom the sonomicrometer. Beforecontrol mea-
surements were made, an infusion of bretylium tosylate (I
mg/rnin, intravenously) was begun and continued through-
out the study to minimize the risk of ventricular fibrillation.
After control measurements were taken (both 512 and 120
acquisition spectra), the left anterior descending coronary
artery was abruptly occluded for 17. I ± 1.9 (mean ± SD)
minutes (range 15 to 20). Sonomicrometer measurements
confirmed the development of regional myocardial dys-
function during the first minute after occlusion, at which
time the sonomicrometer was disconnected and three se-
quential 31P spectra were obtained. The sonomicrometer
was then reconnected, measurements were made and the
occlusion was released fully. After I minute of reperfusion,
verified by observation of improvement in regional systolic
shortening, the sonomicrometer was disconnected and ac-
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tolic; 84 ± 31 diastolic) changed significantly at any time
during the study, although heart rate tended to increase
slightly during the coronary artery occlusion.
Regional segmental shortening was 9.3 ± 3.7% at con-
trol and was replaced by systolic expansion during the coro-
nary occlusion ( - 6.3 ± 6.0%, p < 0.001 versus control).
Partial recovery was observed in the first reperfusion spec-
trum (I to 5.4 minutes reperfusion) to 4.3 ± 3.8%, with
little further recovery by 22 minutes of reperfusion (4.6 ±
5.4%). However, there was a large variation among dogs
in the amount of functional recovery observed at 5 minutes
of reperfusion (range - 3.9 to 7.3%) and after 22 minutes
of reperfusion (range -4.7 to 11.6%).
Regional myocardial blood flow (Table 1). During the
occlusion, blood flow was reduced significantly across the
wall [average transmural flow 0.25 ± 0.10 mIl (min x g)]
with a range of transmural blood flow from 0.12 to 0.39
mIl(min x g) indicating variablecollateral bloodflow. After
5 minutes of reperfusion there was significant subendocar-
dial reactive hyperemia and blood flow was not significantly
different from control values by 22 minutes of reperfusion.
31P NMR spectroscopy (Fig. 1 to 4). A series of 3IP
spectra obtained in one dog is presented in Figure 2 and the
averaged results are summarized in Figures 3 and 4. The
decrease in phosphocreatine (PCr) during the coronary oc-
clusion reached a steady state rapidly; there were no sig-
nificant differences in the three sequential spectra obtained
during the occlusion (Fig. 2 and 3). The return of PCr on
reperfusion was equally rapid and was complete within 5
minutes. The beta-adenosine triphosphate (beta-ATP) res-
onance decreased less markedly and at a slower rate than
did PCr (Fig. 3). On reperfusion, the return of beta-ATP
was delayed and incomplete although a pronounced varia-
bility was observed among dogs (range 55 to 108%). In-
organic phosphate (Pi) increased significantly during the
occlusion but returned quickly to control levels with reper-
fusion (Fig. 4).
Myocardial pH decreased progressively from a control
value of 7.23 ± 0.12 to 6.55 ± 0.43 at the end of the
occlusion (p < 0.001) (Fig. 4). Reperfusion caused a return
of pH to control levels or higher. It was notable that in the
animal in which ventricular fibrillation occurred immedi-
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Figure2. Original phosphorus-31 spectrafromone dog atcontrol,
during 15 minutes of coronary occlusion and at 30 minutes of
reperfusion. Spectra were made using 120 acquisitions (4.4 min-
utcs total time). C = control conditions; 01 to 03 = three se-
quentialspectraduring coronary arteryocclusion;Rl toR5 = five
sequential spectra obtained during rcperfusion. Peaks are identified
as follows: a. inorganic phosphate; b, phosphodiesters; c, creatine
phosphate;d. gamma adenosine triphosphate (ATP);e, alpha-ATP;
and f', beta-ATP.
ately after reperfusion, the most extreme acidosis was ob-
served during the occlusion. In that dog, myocardial pH
decreased from 7.3 at control to 6.8, 6.2 and 5.6 sequen-
tially during the occlusion.
The ratio of resonance peak heights of PCr to ATP
(PCr/ATP) during control conditions was 2.16 ± 0.39 .
Within 5 minutes of ischemia, PCr/ATP ratio decreased to
1.05 ± 0.47 (p < 0.01) and remained depressed throughout
the coronary occlusion. On reperfusion, the PCr/ATP ratio
was significantly greater than control during the first sam-
pling period (3.33 ± 1.83, P < 0.01) and remained elevated
after 22 minutes of reperfusion (3.05 ± 0.75, p < 0.05).
The ratio ofPCr to Pi (PCr/Pi) was 3.34 ± 0.75 before
the occlusion and was significantly decreased during the
fi rst sampling periodafter coronary occlusion (0.93 ± 0.60,
p < 0.01) and changed little (1.01 ± 0.61) by the last
ischemic sampling period. The Per/Pi ratio returned to con-
trol within the first reperfusion sampling period (3.40 ±
Table 1. Regional Myocardial Blood Flow During Occlusion and Reperfusion of the Left
Anterior Descending Coronary Artery
Reperfusion
Control Occlusion 5 Minutes 30 Minutes
Endo 1.1 1 ± 0.32 0.24 :!: 0. 14* 3.77 ± 0.38* 0 .94 ± 0.20
Mid 1.10 :!: 0 .29 0.2 1 ± 0. 12* 2.47:!: 1.16* 0 .88 ± 0. 23
Epi 1.01 ± 0.23 0 .31 :!: 0 . 10* 1.63 :!: 0.35 * 0 .93 ± 0. 22
Trans 1.07 ± 0.25 0.25 ± 0.10* 2.63 ± 0.61 * 0 .9 1 ± 0.20
*p < 0.05 versus control. Endo = subendocard ium; Epi = subepicardium; Mid = ventricular midwall;
Trans = mean transmural blood flow.
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Discussion
Correlations among ischemia, regional blood flow,
myocardial contractile function and metabolism. This
study provides the first description of rapid, sequential re-
gional myocardial phosphorus-31 (31P) nuclear magnetic
resonance (NMR) measurements correlated to regional myo-
cardial function and blood flow during a brief coron ary
artery occlusion and early reperfusion in an intact large
animal model. A range of ischemia and regional dyskine sia
was present . which likely relates to differences in collateral
coronary blood flow, but ischemia was severe in all dogs.
A rapid decline of regional myocardial phosphocreatine (PCr)
and pH values to steady state values within the first 404
minute sampling period during the coronary artery occlusion
was observed, and significant positive correlations were noted
between the intensity of ischemia (reduced blood flow) and
decreases in myocardi al contractile function , PCr and pH,
with an inverse correlation to inorganic phosphate (Pi) dur-
ing the occl usion. After reperfu sion , when sustained post-
reperfu sion regional contractile dysfunction (termed "stun-
ning" [6]) was observed. PCr . pH and Pi rapidly returned
to control values (within the first reperfusion sampling pe-
riod) . However, the recovery of beta-adenosine triphosphate
(beta-ATP ) was significantly delayed and proved to be cor-
related with the amount of recovery of contractile function
after 22 minutes of reperfusion .
These results do not prove cause and effect relations, but
show close temporal correlations between contraction and
PCr (but not ATP). pH and Pi durin g coronary occlusion,
whereas contractile dysfunction was dissociated from the
recovery of PCr and pH early after reperfu sion ; the only
correlate of persistent postreperfu sion dysfunction was beta-
ATP and the ratio of PCr to beta-ATP (PCr/ATP).
Experimental model and its limitations. A major ad-
vantage of the model employed in the present study is the
32.7) r = 0.89; and for that between transmural blood flow
and pH (Y = 0.79X + 6.4) r = 0.77 (p < 0.001) (Fig.
5C). There was a close relation between regional contractile
function and both Pi (Y = OAIX + 2004 , r = - 0. 81)
and pH (Y = 16.5X - 111.9, r = 0.81) during the oc-
clusion (Fig . 6).
Reactive hyperemia observed early during reperfu sion
was associated with only a partial recovery of contractile
function. PCr , Pi and pH returned to control quickl y with
reperfusion , and therefore these measures were dissociated
from the prolonged postreperfusion contractile dysfunction.
After 22 minutes oj reperfusion, there was a significant
positive correlation between the concentration of beta-ATP
(expressed as percent of the preocclusion value) and the
recovery of regional myocardial contractile function (ex-
pressed as percent of preocclusion function) (Y = 3AX -
22 1.6 , r = 0 .84. p < 0.02) (Fig. 7).
R4
oS
R3R2RI030201
20
200
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100
1042, P = NS versus control ) and was no different after 22
minutes of reperfusion (3043 ± 1.01).
Correlations during ischemia and reperfusion among
regional blood flow, regional function and 31P spec-
troscopy (Fig. 5 to 7). The relation between transmural
blood flow and function (using data at control and during
the occlu sion) was described by the equat ion Y = 15.7X
- 9A, having a correlat ion coefficient (r) of 0.79 and a p
value < 0.00 1 (Fig. SA). The relation between transmural
blood flow and Pi (Y = 31. 7X + 98.6) had a correlati on
coefficient of -0.77 (p < 0.001) (Fig . 50); for the relation
between transmural blood flow and PCr (Y = 59.7X +
Figure 4. Summarized data for myocardi al pH and inorganic
phosph ate (Pi) during occlusio n of the left anterior descend ing
coronary artery and reperfusion . Mean values are shown with their
standard deviations. n = 8 dur ing control and occlusion; n = 7
during reperfusion . *p < 0.05 versus contro l. Observation points
are defined as in Figure 2.
• CP
!iii BET A-A l P
80
40
Figure 3. Summarized data for myocard ial crea tine phosphate
(CP) and beta-adenosine triphosphate (BETA-ATP) durin g occlu-
sion of the left anterior descendin g coronary artery (0 1 to 03) and
reperfusion (R I to R4). Mean values are shown with their standard
deviation s. n = 8 during control (C) and occlusion: n = 7 during
reperfusion (R) . *p < 0.05 versus control. Observat ion points are
defined as for Figure 2.
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Figure 5. Data plots of the relation between regional myocardial
transmural blood flow (TBF) and (A) regional systolic shortening
(%S). (B) phosphocreatine (Per) , (C) myocardial pH, and (0)
inorganic phosphate (Pi) .
ability to obtain sequential measurements of regional myo-
cardial blood flow , function and high energy phosphates
relatively rapidly from the same tissue during region al myo-
cardia l ischemia and reperfusion , an approach not reported
previously. The ultrasonic crys tals were within the myo-
cardium circumscribed by the surface coi l at a depth of 4
mm, and therefore it is reasonable to assume that the 3 1P
spectra also originated from the same tissue . Nevertheless,
it must be recog nized that the relative contributions to the
31P spectra from either transmural gradients of metabolites
or subcellular components within individual myocardial cells
are not resolved by this technique . The distance from a
surface coil within which a radiosignal can be obtained is
approximately equal to the radius (1 .25 em) of the coil ( 16),
thus approx imating the thickness of the ventricular wall;
intravent ricular blood will thus contribute only a small 3 1P
signal relative to the myocardium .
Regional myocardial ischemia is potentially a hetero-
geneous phenomenon, with blood flow (and potentially met-
abo lic) gradients transmurally (5 , 17). In the present exper-
iments, complete occlu sion of the left anterior descendin g
coro nary artery resulted in transmural ischemia, with little
transmural blood flow gradient dur ing the occlusion. A small
transmural gradient in high energy phosphates during coro-
nary occlusion in dogs was reported previously (4) and is
suggested in the present data, because the amount of de-
crease in PCr was not as severe as that reported by Kloner
et a!. (4) for severely ischemic subendoca rdial tissue. They
reported a more complete loss of PCr in the subendocardium
during coro nary occlusion , and the smaller decrease in PCr
reported in this study may reflect a transmu ral averaging of
very low subendoca rdial PCr with a milder loss of PCr in
the subepicardium. Thus, the amount of ATP lost in the
subendocardium cou ld be underestimated under such con-
dition s. The quant itative analysis of ATP is further com-
plicated by the fact that ATP never reached a steady state
during the brief coronary occlusion. Thus. the exact nature
of the transmural metabolic changes remains to be deter-
mined , and could be addressed in the future using our ex-
perimental mode l with the addition of electrocardiographic
gating and depth-resolved spectrosco py ( 18).
Does ATP depletion cause postreperfusion mechani-
cal dysfunction? In these experiments , dogs having com-
plete functional recovery of the myocardium had complete
l ACC Vol. 10, No.3
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Figure 6. Data plots of the relation between regional systolic
shortening (%S) and (A) inorganic phosphate (Pi) and (B) myo-
cardial pH before and during coronary occlusion. Units for Pi are
relative concentrationsto the phosphocreatineconcentration during
control conditions before coronary occlusion.
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Figure 7. Relation between beta-adenosine triphosphate (beta-
ATP), expressed as a percent of the control value, and regional
systolic shortening (%S). presented as a percent of the control
value, after 22 minutes of reperfusion in seven dogs.
shortening was not improved. Thus, either the ATP deple-
tion was not responsible for the contractile dysfunction, or
the replenished ATP existed in another pool and was in-
accessible to the myofibrils. These authors concluded that
the explanation for postreperfusion contractile dysfunction
is more likely related to a defect in energy utilization by
the myofibril rather than to an inadequate energy supply.
Taegtmeyer et al. (24) , studying global ischemia in the
isolated rat heart, suggested that the turnover rate of ATP
(rather than its absolute concentration) may be the most
important factor in permitting functional recovery during
reperfusion. This possibility deserves further investigation
and can be addressed in our model in the future using sat-
uration transfer NMR (25,26).
Our data are also consistent with the hypothesis that
reduced energy utilization by the myofibrils rather than im-
paired oxidative metabolism and energy supply occurs dur-
ing reperfusion, because we observed complete recovery of
PCr during the first reperfusion observation, when contrac-
tile function was still depressed. The close correlation be-
tween increased Pi or decreased pH during coronary occlu-
sion and the severity of contractile dysfunction (Fig. 6)
demonstrates relations similar to that observed by Flaherty
et al. (27) during global ischemia in isolated perfused rabbit
hearts. These investigators also observed a correlation be-
tween tissue ATP at the end of ischemia and the amount of
functional recovery during subsequent reperfusion.
Relati ve high energy phosphate concentrations as
markers in reperfused myocardium. The persistence of
reduced ATP and elevated PCr/ATP ratio during reperfu-
sion, together with rapid normalization of the PCr and PCr/Pi
ratio, suggests that such ratios may provide easily deter-
mined markers of reversible ischemia after reperfusion . Re-
cently, Bottomley et al. (28) reported that PCr/Pi values < 2
indicate tissue necrosis. The PCr/Pi ratio fell below 2 during
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recovery of ATP, whereas dogs without recovery of con-
tractile function did not, a finding that supports the possible
involvement of depressed ATP concentration in myocar-
dium displaying postreperfusion contractile dysfunction.
Nevertheless, other evidence suggests that postreperfusion
contractile dysfunction is not due primarily to reduced ATP
stores. Ellis et al. (19) observed that the contractile per-
formance of "stunned" myocardium could be stimulated
by catecholamines, and Becker et a!. (20) recently extended
this finding to prolonged stimulation using epinephrine to
demonstrate a considerable contractile reserve. They con-
cluded that reduced energy availability to the myofibrils
could not explain the observed postreperfusion contractile
dysfunction. In other studies, infusion of superoxide dis-
mutase and catalase into reperfused myocardium was shown
to improve regional function (21,22) but without a parallel
enhancement of ATP concentration (22), thereby demon-
strating that function can be improved after reperfusion in-
dependently of measured ATP concentration.
Hoffmeister et a!. (23) were able to artificially replenish
ATP stores by infusion of adenosine in dogs reperfused after
coronary artery occlusion, yet regional subendocardial
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the coronary occlusion in our study but returnedcompletely
to baseline level within the first reperfusion sample period,
thus suggesting that no infarction had occurred. Despite the
persistent contractile dysfunction observed at this time, tis-
sue necrosis is unlikely to occur after coronary occlusion
of this duration, and function would likely recover fully
(1,3,4). Thus, the combination of an elevated PCr/ATP ratio
and a normal Per/Pi ratio may identify viable tissue. Clearly,
sequential 31P spectra obtained up to complete resolution
of postreperfusion injury, together with histologic mea-
surements, are needed to validate this possibility. Such met-
abolic changes might also be a useful marker using non-
invasiveNMRspectroscopy for thedetection of stress-induced
ischemia, such as that occurring during exercise or pacing,
because these changes persisted. Regional myocardial dys-
function has also been shownto persist for up to 30 minutes
after brief exercise-induced ischemia in the conscious dog
(29) .
Implications. The current approach is applicable to
chronically instrumented animals and should allow future
long-term experiments under normal physiologic condi-
tions. Moreover, the principles employed in these studies,
when used with newly developed noninvasive depth-re-
solved NMR techniques (18) or with catheter NMR probes
(30), should eventually allow assessment of the effects of
regional myocardial ischemia or infarction on high energy
phosphates in human subjects. In particular, our approach
should allow further experimental assessment of the effects
of various forms of therapy in combination with reperfusion
on pH and high energy phosphate stores. Our data also
support the potential application of this approach for de-
tecting persistent metabolic changes early after stress-in-
duced ischemia.
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